Conversion of low-quality, natural mixedpinelhardwood ecosystems, containing a mountain laurel (Kalmia latifolia L.) dominated understory, to more productive eastern white pine (Pinus strobus L.)l mixed-hardwood systems is a common prescription on relatively xeric southern Appalachian forest sites. We examined the effects of mechanical release, interspecific competition, and annual precipitation on growth qf planted white pine in four 14-yr-old stands in the southern Appalachians. Two stands were mechanically released at age 6. No significant differences in biomass, basal area, or diameter were,found between treatments for all species combined. Radial increment was sign$cantly less during a drought year for both treatments. Height increment was less sensitive to severe moisture limitation than radial increment. Height and radial increment were compared to distance-dependent and distance-independent measures of competition for the nonreleased stands. Indices based on height and heightldistance explained the greatest amount of variation in both radial and height increment. The influence ofpost-release severe drought may have delayed or diminished the response to release. The competitive influence of understory dominant mountain laurel at stand age 14 appears to be slight compared to the i@uence of other competing hardwood vegetation. South. .I. 
1976, Van
; therefore, silvicultural prescriptions are necessary to regain productivity.
Chainsaw felling, burning, and planting of eastern white pine (Pinus strobus L.) are currently prescribed to convert these shrub-dominated ecosystems to more productive stands of mixed-hardwood and white pine. A necessary objective is to reduce the competitive influence of mountain laurel sufficiently to allow the planted white pine to become established. The prescribed fire rarely eliminates the mountain laurel, so competition with the planted pines may intensify over time. A mechanical or other form of release is often prescribed during early stand development to reduce competition from mountain laurel and other vegetation. It is not known whether such release is necessary or effective. Pine growth during early stand development has been documented for the first year following outplanting, where diameter growth and seedling physiology were related to biomass of all competitors (Elliott and Vose 1993), but information on competitive effects later in stand development is lacking.
In addition to competition, severe drought can have longterm adverse effects on tree growth. Some species never fully recover, and subsequent droughts of lesser magnitude have been known to kill previously stressed individuals (Tainter et al. 1984) . Vose and Swank (1994) observed significant declines in radial increment of mature planted white pines at the Coweeta Hydrologic Laboratory in response to a severe drought in the mid-1980s. This regionwide and particularly severe drought had an estimated return period of over 200 yr (Swift et al. 1989) .
The objectives of our study were to evaluate white pine height and radial growth responses to: (1) mechanical release, (2) interspecific competition, and (3) drought. We used both distance-dependent and distance-independent measures of competition to evaluate the influence of competitors on growth increment and the contribution of competition to the growth-climate relationship. Simple size-distance indices of competition have proven useful to explain variation in individual tree height and diameter increment (Martin and Ek 1984 , Daniels et al. 1986 , Holmes and Reed 1991 , Biging and Dobbertin 1992 , Morris and Forslund 1992 . Wagner and Radosevich (1991) suggests that if a neighborhood radius larger than the optimum (defined as the radius which includes all stems whose crowns intermingle with the subject or target tree) is used to measure competitive influence, the best competition index should be distance dependent.
Methods

Site Description
Four sites, all within 1 km of each other, were chosen for the study. They are located in the Blue Ridge physiographic province of the Southern Appalachians (lat. N35", long. W83") on the Wayah Ranger District of the Nantahala National Forest, approximately 10 km north of Franklin, NC. The annual precipitation of approximately 1700 mm is evenly distributed throughout the year. Mean annual temperature is approximately 14°C. The soils are primarily of the Evard-Cowee Complex, which consist of fine-loamy, mixed, mesic, Typic Hapludults. The sites ranged from 8 to 10 ha. Elevation (730 to 975 m) and aspect (approx. SE) are similar on all four sites.
Management History and Treatment
Much of the area in the watershed containing our study sites had been high-graded over the past 60 yr. Only areas that were too steep to log were left uncut. In addition, in the late 1960s a southern pine beetle epidemic eliminated most of the pitch (Pinus r-i&u Mill.), shortleaf (P. echinata Mill.), and Virginia (P. virginiana Mill.) pines (USFS, unpublished information), leaving a scattered overstory of surviving yellow pine species (subgenus Diploxylon) and low-quality oaks, primarily scarlet (Quercus coccinea Muenchh.) and chestnut oak (Q. prima L.)(Vose and Swank 1993).
In the summer of 1977, all woody vegetation (including shrubs) on all four sites was clear-felled and burned. A residual overstory component of pitch pine, shortleaf pine, and/or Virginia pine remained after the treatment to provide a pine seed source. Estimates of density and basal area for this component are 5 stems/ha and 0.46 m2/ha, respectively. Eastern white pine was planted at a 6 x 6 m spacing the first winter after site-preparation. The wide spacing was prescribed to achieve a mixed species stand. At age 6, white pines on two of the four sites were released mechanically. All woody vegetation within 2 m of each planted white pine was cut to ground level with a chainsaw or by some other mechanical means.
Growth Measurements
In 1992, 16 to 20 individual white pine stems were randomly selected on each site for diameter and height growth measurements (N = 72 and N = 74, respectively). For diameter growth, two increment cores were extracted near the base of each tree and on opposite sides of the stem. Each core was analyzed with a computer-based growth increment measurement system. For height growth, internodal distance was measured to the nearest centimeter.
Competition Measurement and Index Calculation
Competition and drought effects were determined on an individual tree basis. To quantify the effect of interspecific competition on growth increment, competition indices were computed based on competitor size and distance to the target tree (Table 1 ). Comparisons were made between observed levels of competition and height, radial, basal area, and biomass increment for 16 randomly selected white pine trees on the nonrelease site only.
All stems which met the following size class restrictions were measured within a 6 m radius of each target tree. Size classes used in the index calculation were: (1) height of competitors to the nearest 0.5 m, (2) dbh of competitors to the nearest centimeter to a minimum of 0.5 cm, and (3) distance from target tree to each competitor to the nearest 0.5 m. Due to their large numbers, mountain laurel stems were simply tallied in two basal diameter classes: < 3 cm and 2 3 cm, all stems were < 5 cm basal diameter. The growth habit of mountain laurel makes measurement of dbh impractical. All vegetation measurements were taken at stand age 14. All species nomenclature follows Little (1979) and Radford et al. (1968) .
Statistical Analysis
Biomass (total aboveground dry weight of wood only) was estimated with allometric equations developed specifically for this and a related study (Elliott and Clinton 1993) and with allometric equations developed by others (Swank and Schreuder 1974, Phillips 198 1, Boring and Swank 1986) for species in the Southern Appalachians. Both height (N = 74) and radial increment (N = 72) were examined with repeated measures ANOVA (PROC GLM, SAS 1987). Growth increment in the peak-drought year (1986) of a 5 yr period of below average precipitation was compared with that of nondrought years, and growth in the year of the release treatment was compared with that in all subsequent years. Mean growth responses to treatment were identified with the repeated measures model. Site differences in productivity were accounted for with a Least-Squares Means test (SAS 1987) in which target-tree total height at age 6 (release year) was used as a covariate.
Competition indices were compared to white pine growth increment for the nonreleased sites only. Pearson correlation coefficients were used to relate distance-dependent and distance-independent measures of competition to height and radial increment, basal area, and biomass growth of white pine trees (PROC CORR, SAS 1987) . Competition indices were also used in a repeated measures ANOVA model (PROC GLM, SAS 1987) to evaluate the combined influence of competition and drought on white pine growth on nonreleased sites. The contrast transformation was used in all repeated measures tests. Significant differences were evaluated at a = 0.05.
Results and Discussion
By stand age 14, two distinct strata had developed in all stands: the overstory and a clearly defined shrub layer dominated by mountain laurel. This species accounted for 59% of the density and 67% of the basal area in the shrub strata on these sites (Clinton et al. 1993 ). In the overstory, 75% of the density was accounted for by red maple (Acei-r-uhrum L.), scarlet oak, chestnut oak, sourwood (Oxydendl-on arhoreum [L.] DC.), pitch pine, and planted eastern white pine. White pine alone accounted for 11% of the density and 41% of the basal area in the overstory. Quercus spp. accounted for 39% of the density and 21% of the basal area (Clinton et al. 1993 ).
Response to Release
Although radial increment did not significantly respond to release through 199 1, a trend toward divergence did occur in 1990 (P = 0.0970) and 1991 (P = 0.0881) (Figures la and  lb) , suggesting that a treatment response may occur in subsequent years. Similarly, height increment did not show a significant response to release until 1988 (P = 0.0397) and 1989 (P = 0.0694). Height appeared to be following the same trend as radial growth; by 1991, height increment had returned to the pretreatment pattern where it was lower in the released than in the nonreleased trees. However, the release treatment did have an apparent effect on the canopy growing space of the white pine. Average height to live branches of the released trees (45.5 cm) was significantly lower (tacO.05, df=69 = 3.41; P = 0.001) than the average height to live branches of the nonreleased trees (81.6 cm) due to the retention of lower live branches as a consequence of the removal of adjacent competitors.
The results of our study suggest that in these Southern Appalachian hardwood systems, a single mechanical release may not be an effective treatment to eliminate hardwood and mountain laurel competition. Most hardwoods and mountain laurel sprout prolifically following cutting. Other studies have found similar results where cutting was used to reduce hardwood competition. For example, in a study of 6-yr-old planted loblolly pine (Pinus taedu L.), Fredericksen et al. (199 1) found that pine stem volume was lower and the level of competition was more intense on sites that had been siteprepared by chopping only compared to other treatments.
Response to Drought
Trees on both released and nonreleased sites responded to a severe drought, which occurred over the period 1984-1988, with a substantial decrease in annual radial increment ( Figure  la) . Not only was total annual precipitation well below average for these years, but growing season totals were low as well (Swift, unpubl. data). The observed decrease in growth began in 1985 and reached a minimum in 1986 when annual radial increment was as low as the annual increment , 180 1976 1978 1980 1982 1984 1986 1988 1990 1992 _..---------
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. release l no release Figure l(a and b) . Height and radial increment in relation to precipitation. Included are responses for both released and nonreleased white pines.
during the first few years after outplanting (years prior to 1984) . Although a similar precipitation deficit occurred in 1988, the corresponding decrease in radial increment was not as great as in 1986 (Figure 1 a) . Height increment growth pattern for white pine approximated a sigmoid curve (Figure 1 b) , whereas radial increment growth pattern showed sharp declines in growth in years 1986 and 1988, suggesting that height increment was less sensitive than radial increment to variation in precipitation from year to year. There was a decline in height increment the first year of the drought then a recovery in the peak drought year of 1986 (Figure lb) . Furthermore, the relative magnitude of the decline in height increment was proportionately less than that for radial increment. Even extreme drought events may have only minor impacts on height growth depending on the timing of precipitation during the year. A rainfall deficit in late spring to midsummer can result in a large decline in annual height growth for growth determinant species such as eastern white pine (Kozlowski et al. 1991) . In our study, late spring and early summer precipitation was adequate in years without drought. During the drought period, late spring to midsummer deficits did occur, but declines in height growth were not great. However, the form of the respective curves for radial and height annual increment are a function of a variety of phenomena, including climate and competition.
Response to Competition
The most negatively correlated competition indices with white pine growth were those based on competitor height (Table 2 ). In general, distance-independent measures of competition were more highly related to white pine growth than distance-dependent measures. Although competition indices, such as those used in our study, do provide measures of the outcome of biological processes and have been found useful in predicting tree growth, the extent to which competitor size and distance to target-tree are informative in predicting growth varies with forest type and age. For example, Martin and Ek (1984) found that no additional improvement was obtained by using distance-dependent measures com-pared to distance-independent measures of competition to predict red pine (Pinus resinosa Ait.) growth. Lorimer (1983) concluded that intertree distance was of no value for predicting growth of individual trees in natural even-aged hardwood stands. However, Daniels et al. (1986) found that distancedependent indices were more highly correlated with loblolly pine (Pinus tacda L.) growth than were the distance-independent measures.
Significant positive correlations were found for total competitor biomass and mountain laurel density, suggesting that mountain laurel does not exert a competitive influence on white pine growth at this stage in stand development. Because of mountain laurel's low stature, this species had a minimal influence on light available to white pine; therefore distance to them is not important to competition for light. Clinton et al. (1993) found that stem density of hardwoods in the overstory was inversely related to mountain laurel basal area, which illustrates the inability of hardwoods to become established as mountain laurel abundance increases. However, those individual hardwood stems that do become established can compete for space and light with white pine. Thus, their spatial relationship with the target tree would determine the level of competition for this resource. Once white pine has overtopped mountain laurel, competition from mountain laurel would only be for belowground resources. Although we did not measure belowground competition directly, it can be assumed that the combined effect of above-and belowground competition (which is the case for hardwoods + mountain laurel) is likely stronger than that of belowground competition alone (only mountain laurel).
Even though high correlations existed between many of our distance-independent indices and white pine growth (Table 2) , the only index to contribute to the repeated measures ANOVA model was the height-distance competition index. Over all years (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) , the effect of competition was only marginally significant (F = 3.94, P = 0.0673). A significant decline in height growth occurred in 1985 compared to 1984 and 1986 (1984, F = 5.18, P = 0.0391; 1986 , F = 6.08, P = 0.0272). No further differences were found for Table 2 . Pearson correlation coefficients relating mean incremental height, diameter, basal area, and biomass growth for the period 1984-1991 of 14-y-old Pinus strobus L. to distance-dependent and distance-independent measures of competition (Cl). 0.10, 0.05, 0.01, and 0.001 level, respectively (n = 16) .
Growth increment
height increment in years beyond 1986 for any of the competition indices. Similarly, the height-distance index was the only index to show an effect of competition on radial growth, but the significance was only marginal (F = 3.94, P = 0.0726) and only occurred in 1990, several years following the drought. In general, competition was only slightly inlluential on growth during the drought years, likely due to inadequate moisture availability masking the potential effects of competition alone.
Conclusions
The effectiveness of the release treatment in this study was only slightly measurable. Even though pretreatment differences in stem size between treatment areas were accounted for in the analyses, drought masked possible treatment effects. The similar growth patterns between released and nonreleased trees during the drought (1984-I 988) illustrate the overriding effects of severe moisture limitation on radial increment. Once precipitation returned to normal or average levels (1990), radial growth patterns suggest that light and possibly other resources became limiting.
Mountain laurel is thought to be a major competitor to successful establishment of planted white pine on these sites, and control of this species during site-preparation is a common practice. Even though mountain laurel is extremely abundant and dominates the lower strata on our study sites at age 14, based on our results it does not appear to be as important a competitor to white pine growth as other hardwood species. Hence, subsequent attempts to control mountain laurel and other competing vegetation may not be as effective or as critical as control of mountain laurel during site preparation for-the purpose of white pine establishment. In addition, due to the dominating influence of moisture stress during early white pine growth, it is difficult to determine whether or not the increase in radial growth observed in 1990 is at all attributable to the release treatment. At best, there may be a marginal benefit to mechanical removal of competitors early in stand development, but its cost effectiveness is questionable. Repeated release treatments, especially the removal of stems competing for space in the overstory, mayproveeffective: however, ifconductedprecommercially, the practice is likely cost prohibitive.
